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ABSTRACT 

Computer simulation is a cooperative venture between researcher and 
information processor, but the processor's role customarily begins too 
late. The researcher can benefit substantially by bringing the computer 
up into the earlier, creative phases of the simulation process. An on- 
line computer system that makes this possible is described. 
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Introduction 

I ihail-begitt by dravihfc com bcmndarias artw^ i*/4<eub}*cti. $<UmAatlMkty. ^ 
broadly interpreted, ii m*fl building. fcrfe* bUildW/a^nerousiy vimd, i« . 
theorizing . :; 1tt» , 'thdd'rl«£%, i In its reep*et*tR» cwanweea^rry i* *c» the /haajstnofcuisfc 
all science. ' ^u% ; "/-'tKit' i tubJdci?^6f ¥£'Mil«lJli^ mHI# : b^' 'tN^^awn^bnadv •;--..> :i'iqx^> Jo 

It halps to pracada tha word siailatio# % ^di^^aii'P' /»Hthar ,p««fai^ tia^li 
this 1 iea^&ffer- reWrffcta the domain of reference app**eeiiabky^ aijrce it iJmplie* 
that tha theory i* farmed 'tfet%* axaaAnad «tf e«**ad t>y mohto^ Th» modifier nay 
not ootrtlmf* to be »o feetribtlva i* tlw fu*ur», ho»eve*,.J*a*h« compter's poien- 
tial becomes batter utilised. You mi»ht e«y ^thlse thi* *s a»n» b* tAw^oaile .'txaV- 
M.I.T;'* r^c^t ^^^ of tgser wait undamrfayris ,d»M»taA jto mHing 
the coiapu^e^ itore «enaraliy<iirfaful toth* see^aefcer. an:; -;< & "j.[ ;>].■.&; v., ?!,■:« 

Researcher* itf -sever*?*' ^EtaiMey pr&e^a^y lllel 5 !*^^ 
begiMfetbg to^ littd that <c*mp\M?eT a Twggaw ttafca ^ood ^aod^ia; o*Lthe ^phenomena they V 
study. The langwafa <*f tHe oo«pu«er la aweh ^at>»a ^a» a a^ i^ a i i^wi> thaianguaa>e o£ - 
mathematics fo* many purpose*. The Haplicat*<Ki».i-irf » computer model can be ^far- 
red Mitectly, Si^ly fey s*ec*Pi?iie? Che aodefc;*» *ho mac&toe -for which it was :: « 
programmed*: No ftrea t amount af raschdastical if&aaaae 3a> .uaguiTed. , . — .; _ n 

Hff"'B^hBta^a^-iBV*)a^v.f m ajiMHaarai> r een exhifctt heharior wajiiaiaoawfca^t intel- 
ligent hunanactlvt-ty, in 'flfcft*«er and daeail a»iw*U' a»i»Towasaouence. ■fttkemisi/' ■ ' 
information pWKzaseae ptragpaafcaed on a ootspufier «en operate i» ways wttioh sua I 
analogous to the thought patterns evidenced by human subjects on their protocols, a 
Iiiaaaj ^aota iaBae*ar4int>«o ©pa» o*w door* i» paydholoai>cal ^raa— rch. / ^,n is i 

Nat -allqc«a|>ttt«rn«issi^KiQa»f.am«»aiacdtaadj£or itrtas awrpasajaf tiiapMticeai^: : ~ 
neaaaroh ; i One of Jeu»fiacti»itiaa at Fro j ect MmS she* bean atiho eimu4a*ian , tef jc*w ;o { 
time-shared, multi-user computer operation. The point of this simulation is to . t?ii 



-*- ■"*%?*£ «s*t &. - ■$$&&£$-"- ^ -, j^^- -** ■ 
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gain understanding of th*j i>pa*afci«ro and find * ; $^4^^i4^: : *l£°£$^Sl tS^ 
grantasi to users ^£i«4ent^.y.^ ; MDHl^rituB-^he j^>^aj^nj||aj| : , ^eap^^ej:^^ v ^, ; ., ; 
sam&end^ but siimlation p*trndta a npxe .varied , cpnt^lle^ a|$ complete grange 3 
of experience thaat d«» :ofefter>»tion*f flMSife^iyp* 1 ^tlM^lA*^* 1 , 8 ** shed some, ,..^ : , fr 
li^ty but permit one to. go- only so far. ■.;•..-, ;;,-,-.v $r.' -a- •>■:■■.*-?-., ., s .-.:'>.'■ 

A similar example ,i* c»ii**l***Ott ofe -a* job s^opi ^jgu^da l^^y^ft ^f^JP^n 
In these kind* afiii»tiiitt«r 9 >Mia^yHft^^«Arwftj||^ i^dee^y 5 SP ^and^. , 

in*hand. 4n ;--fcha. future* ^the* j»ay, evaj* M |>leitf ad; fe* P§W% Afe(% o**Ea|:ip« .Ajtfte^f * .1 
but such thoughts bake us =ahead of the story. ; .h^-.;.i ,!.■•:< u-... =. ;' :::«-: 

For our purpose*, *imulatioa ia a way osfe using afeheiart^nvtff >fo produce a 
reasonable likeness of the behanica ail; * syflftem usde* s^Lidy^ ^^he^kenesftjyi;., 
obtained from a •-a«ad<drAgnm;i^tMlicMq«.d^.-4lta l rea^.ajs6t}am, oJEten ^ t jth^,e|ojgq| 

of a:jaVbaadK^aadial«!.:.:<IH» »»d*4 lia.dtoa^ ifbHrAtaigar; 

key ae laments ofthe atpBtoem serejB aad of how they^apa^^ ^sad tintejcact, , f ; f 

In forming his model, the aitnulaGor geaatfafcly Bt.w&m#i?i&f m*£mm paisiaOiWy 
with minimum distortion, rftuut £oaclsaaesa v ia> ae* <*fcftea a*t>y teo va:fefea in , v andomo*t <-. 
computer models are unayttisiahly loogKinded. )lhts hat vwt»m&be4'Jin$>&£ Siaon to 
label them '^acrttlous^to contrast to the really cP*i»iJW*ajtoM9 «cMie]* <>f iiewto- 
nian mechanics . Tha tiafcr Lcate models of organic chejtie&ry jare alao garrulous t „ j 

r 121 

by Siiac»Vs distlncttiott. 1 sii fhe classification is »&* deeant feftiteajAtrpga.tQeyi'-Jwat 

a JJBjCfc of lif 6. I ;•■■ :-..■->■!. -— --.-i- i, -; t-riSJiibq :rfj-;r ,;LJ •--;.; ■;:. 1 .•■/.... I i..U 

Perhaps the hast, swty otctdefiiaa the general «oalq*f ofch§fitrm\*i*tar is maximum, . 
f ideliityy especially :ln seprtedln critical* dimeaa&oaatp wfctb minimum complexity* 
How wall this objective UB^att i* practice is tone at •/theiiteme i*£ehoattallricon©ecn 

US. '-■'• '•' -' ■ '■-''■■ ''-' "•-• ■'■■ " ..■■;•■ :t -sr- -?^Juii'-,i..i Vi" - ; ,' .:.' ,.-:..; i. ■;>■ -->";i "' 
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8'efore getting 8 tart*d on th* £ ,b«tft0ddl O gic«l : dti<iUtii6ft-t h*d BiUttr present 
wme* credentials. My union c.rd l^-ittolitidft^4l kick 4 m** n i6°i*rtU?"dV 
the coniuaer .etftor of In! American iconomy ^^Sdy driititt. j[?] «y art toft c.*d* 
in con^ut.rt go« 6*ck 14'yiifi to «n ^pf«nfcffct*hil> ; irt £nl flirt' 1 ' it M«t^d ; 
IhivebMn e^lb^ l tifr«ifty l ti these ^dtt'etthfesflli ef^n^inUrve^fng^ims 
(ai£hou|n^ladM^irna^^ ^This^erlSnoi 

does not qualify me as a matter &ki&te*, i blPii i *& 6 Wl%t&t*t i hiW x m t Wh& 
hare knocks to Joitle -y innoc.nc^.nd ji^ifcy iiaitiltf a^it? 3 Po'eliSe'vi 3 ! speak 
a, on* who., hope, for co^QUr ila^iition liiviH'ian iSai^ : ^«r ine 9 yiir§; '•" 

''* Whtl. the ton. i. .till p.r.on«l ; I w^id lit* t6 Viviln^ rt USC rittdh Which 
. will h.lpm. argue *£. ar^mit^fMcit fdtni2f dT It'nii^ b do^itll"aii^^ ' 
collection, ^nd f^^l^Ji^h^lUa f^» 5 M*i*ifck#*e3le*tf ' fatten* %eny 

ft^ydu ml? siari'iShi^faalfng.^' - 5 3 -"" v-ts? :3flB ssnesMa.-Tlflffl ,nooi :>rii to rioas nt 

s.i 3ai--:ii,.ri« i • :ini»ffluii. •>...';! ;u;l :• o ,.-vj :-, i^-f-JSE to .. <io.i Jsaol , t-k^lc: <■-,::• j,-^~--i? 
Heating a House: A Cass Study in Data Collection 

.asldaiiBv Jygiea 9.rL' jc i^aufbt, Wi an i. ant *» 
Three-and-one-half years ago ay wife and I purchased a very large, old, 

three-story, 16-room, ,hUl-top, uninsulated house. (The last characteristic 

-ur,; ^uoi..'..:o :jA .^i^Hsv ■ r- .< anil aajirfw &qingC!oX3Bi.°»j. vnhmnaiab Jeum sv bna 

was not mentioned in fhe real estate advertisement). It was clear to us from 

Bril 3- „^;js YlJ3-3if» 3i von-* ;<w asni-3 .SJUJin-iqmVj :roob?L>o s/. sbi/Ioni o3 sLft 

the start that; heating the house would be a major expense. The heating plant 
consists of two gas furnaces, one blowing hot air to nineteen registers, and the 
other circulating hot water to ten radiators. Each furnace is controlled by its 
own clock-thermostat. 



As a matter of information, I believe that Boston gas rates are among the 
highest in the world. In Mft^fsHArtA* &M>*&&.SUkto &!?&&? ##• cpftfe j^J^j 
in Boston, $47.67 in New York City, and $21.23 in Pittsburgh. 



jj«^?p*8^^^ 
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J.,-,,, S Pvri^g our firfl^ i ^^fy 6 if fe 5^ ^^^«|JtJy r j^n b y^jj s to i ^y«rt my t a|tention 
from the.growing^gaa bi|^ i^p^^Mil^hg^^find^g ways Jo alleviate 
tK9o^«b«^n,iLbegSD r $o Y g 8 lJ f 9| d^ly^igjires^ If! 58 n ?S^H: ftJ ff?- 1 r 5? , ? lt 

"fbW^H^frUWsn W»8 fpr|y ri | m Q|^a|a. !m The daja^^iled^con.iderable^ ^ 
HrVfrjMfi., JJ HS t W ti W fygmg^dajlv^i^ c-fjf g f f^ £fu |aU^lo Yq of l| s §cf .^ 

, rs3 , : , U M ., Y 4«r th f] p.|t f|;:ff3i? WIt .^« B$n?5j| l r Uti ? n > ^ght. i(ji Wh.lJ we $; 

for producing, distributing and controlling heat. The manipulable or instrument 

■ . Bg 1 5 3 i fe d w JtB I J !J"J 

in each of the rooms, maintenance and service coats, and the monthly gas bills. 

, gnlTssi sriTsurena •far- uov To ■ 

Altering the number, location, or setting of any of the instrument variables is 
a means for adjusting the target variables. ™ — «— -■ 

M ', .^S'.:S,: v:3V' t: «n^ tt ;-3-IiJt| > bHi> Slik'M OSS 3'iBdY 3 ls;7 - 9 fir; - ,',n£. ■ ^>r t\ X 

To simulate this system, we must decide which variables deserve inclusion, 

and we ™st Ermine relationships M^ii^tkTvirlMl^&ohtioti vi- 
able to'includTis outdoor t.^r.1,irir«tnl^ 
heat loss radiated from the house*. In the parlance of th* model-building trade, 

outdoor temperature is an exogenous variable of rfedfled import Ince, 

e^i VJ fcfcXIojJno-, 6i ss&ni^'ldMa ..Moaalbai f*s3 ©J ssasv iorf sjniialr^ii tjsiteo 

Figure 1 displays the forty daily gas consumptions, each dne plotted against 

the mean outdoor temperature on the corresponding day. As would be expected, 



the gas consumption depends inversely on mean temperature. The lower the, 

jc-i g-orr-B sis a-^ai -eg no} so? le.rii svsii-d I , ; noi:Ja«iotrii !o i5»5j.sra s e,v 
temperature-, «ft ^r^^ ^MlMiurilaW^Mlil <**tfv«*iely^ i nl bJ*<>w ^3 ti j aasdsH 
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On first try we night fit e straight regreeelon line to the points of 
Figure 1, as shown. This lino provides an initial relationship for tha model. 
By tha way, it actually is not a bad fit as regression lines go. It yields a 
numerical correlation coefficient of Just a ehade under .9. But with tore infor- 
nation, we can do batter. 

Jtf wife and I both go to work on weekdays, and during that first winter we 
did not have children at how to keep warm. I, therefore, had tha habit of 
turning the settings of the two thermostats down 10° when we left in the morning. 
The settings automatical ly reverted to normal for our return in the evening". 
Let us call this policy A. On tha weekends, when we were at homer, andj on Wednes- 
days, when a lady came to clean, I kept the thermostats at *he same settings 
throughout the day. Let ua call this policy B. In botfh policies, I ijowered the 
settings overnight. 

i 

If we now separate the points of Figure 1 into -those associated w^Lth policy A 
(Figure 2) and those associated with policy B (Figure 3), and neglect jthe remain- 
ing points, we obtain, surprisingly close fits to eech of two smooth curves. In 
Figure 2, only the three hollow points are substantially off the curve. All three 
of those points lie above the curve, and all three of them correspond jto Tuesdays. 

The points of Figure 3 show a little more variation. The three hollow 
^lxttM--UtiSx^-JnBmttnAm n tnnm all cuit e s po n d "to W e dnesdays, and t w o of these 

■>;• > :j :r °"f °?% °0i 

three Wednesdays happen to be the day after two of the three Tuesdays cited above. 

S^nce the, latter, b«?f |§nBjr,.,eonaunn|i^^^^ 

the former have smeller consumptions, my guess is that I ( iet^ rs |^co.BTect meter 

readings on the corresponding two Tuesday nights. 
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Figure 1 : Daily gas consumption 40 days during December 1961 and January 1962, 
(Gas consumption measured in 100 cubic feet, temperature in degrees 
Fahrenheit) . 



If we superimpose the curvet of Figures 2 end 3 on eech other, es in Figure 4, 

we notice thet they heve opposite concavities, they bend toward eech other et the 

ends (20 and 45°) , and they depart fro* each other at the middle (30°j to 35°) . 

This is not the appropriate place to speculate on the physical reasons: for this 

behavior, but we can note the economic implication*, as given in Figure 3V ' A The 

greatest potential saving obtained from uaing policy A rather^han policy B 

occurs in the middle range of temperature, and this savlngylecreases steadily 

jp ' 
as either of the extreme temperature ranges is approached. At temperatures below 

15 and above 50°, we might conclude that both policies cost about the! seme. 
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Figure 2 : Days from Figure 1 on which policy A was used. 
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Figure 3 : Days from Figure 1 on which policy B was used, 
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Figure 4 ; Superposition of Figures 2 and 3. 
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Figure 5 ; Absolute difference between consumptions resulting from policies A and B, 
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Some Methodological Issues 

The finding of opposite concavities was interesting from an academic point 
of view, and it even turned out to have someSpractical utility. Witholut over- 
doing its importance, and without stretching th\ analogy with a simulation study 

\ !•■• ; 

too far, I believe we can extract a few simple lessons from the example. 

In the firs* place, a careful analysis of available data can assist us in 
choosing variables and relationships for a simulation model that we axle "building. 
The analysis, not only serves for guidance, but also helps keep us honest. If we 
had gone orf to simulate the heating system in detail, we wpuld not ha\|e drested 

until the model exhibited the property of opposite concavities. Convejrsely, 

\ I 
if the results of the simulation showed certain other peculiarities, we would 

look for corresponding features in the data, and we would alter our mojdel if 

they <#ere not to be found. 

/This is an obvious point, and most simulators accept it iraplicitljy. What 

it means is that the simulator benefits from frequent and easy travel between 

model and data throughout model development. But this is easier said jttian 

accomplished. Too often data analysis and model development occur in separate, 

prolonged efforts, one after the other. Only when the model is complete, if then, 

does the simulator have the interest or resources to return to the data for 

''vwi£lc«^ion«..^y.^thtti^M||L^«..toa..l«tsu., The fciaal complexity of th.e model may 

make serious validation impractical. 

The point is worth pursuing a bit further. Simulations are often called 

dynamic , and what this usually means is that time is one of the variables of 

the model. We might consider a second use of dynamic to describe the formation 

of the model, rather than its execution . The second kind of dynamic simulation 



' 1 ' 
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it constructed over a period VFtims in an iifcremehtal way. With new incremsats 
and old tncfemdnts fcfralng and •Vflflvinf £ro« •ue#«»»tv« r»«onfrone«tionB.x3f the 
partial aoddl with the data. This approach can produce a iontiouoos afttaam of 
fresh inalghW and cdn take full advantage of ; new ! ' : datd%a ai ii*ae*di*ia avdilabie*««a 
meaningful feature, Sspac tally in a forecast itig type of medsl. 

the Incremental approach facilitates checking the mode*, as *• have noted, 
and it allows tha simulator to build his understsndiag of- the nodal in compre- 
hensible segments/ *» ha builds ths aodil Itself . It guards against unneeeaaary 
arbitrariness, and pinpoints dafieiencies both in the nodal and in the data. 
The awareness of Information deficiencies, a»dlf led by a knew* sdgs of which parts 
of the model art moat critical or sensitive, can provide' ValUAhla guidance to 
data col 1 act ion effort*. ■■ ■'--"** •"'"■■ - ^»»-- , ?i--< . ■.% ,, : 

The picture that suggest* itself i* a research loop cdtapoaad of several'; 
phases : data collection, data analytla / nodal formoletiOny prograinain* \- testing, 
adjusting, and running. The phases are not placed serl*Uy in time, one starting 
after the preceding one has been cooplatedy btit are rather continuously traversed 
in a gradual convergence tb the final iinuUtion. Aetu^liy; a "final •i«ulation" 
need ho longer be the primary motive since research dividends now are being paid 
all along the way. ..'.■".*-> .:<■:,{:■■■■> '■■<, - ••..> ■■.,•?.-,•■- .:;.,= ' 1( v, ; .. - M .. 

Ideally; the- stnolatidn i* never more complicated the* necessary for the 
ends it Is to serve. txcsvslve certtylexlty Is <*>t -the bugbear that it ee*bewnen 
the model is deelgnetTln one coritiriuoue, determioed, so mew hat unquestioning effort , 
Overfitting to the dat¥ "U *till a pbsMfrld pitfall, bet' thW danger signs are how^ 

more readily distinguished. *■->:.-.■.• c-, ]>:■■- ;;,«•;. ^ .,.->:< \,, mr , ; 



^K^fi««*^S*'^^ -*»*i*fcips. ■*"«-* " *- ' , _ ; 



14 



r% «-<*■, -■ ■'.. £■<- I .-*» s r & rr ■*& j*1 
i-.- c. -Jt - u-l C.-- ^i-i 



t.be ^ 



, jibe. temptations towasd gitjs«iWBl,«i*ite *■>» ^aflyt^ttAMP^ttv^ %^ y ^ " a L 
andsverruiidetsfeai^&teiw^Tbey^emJj-^ VW&S5-3 lltPW 5 

which .l'.»s«f •>r«l3tNiiMliitr« k ^.l«- 1 Mnl«3 ftMB^qtP A»T li ?15*l t^.* W£ .-^B^&aq 
h.pp.n itt tbt «e*l ;*l|S|em 6 wh§B s »34*?,il8 $|«-iHlf Sl"rtB5 a 9WWil5 r tnt S S9SS^ C ffaar. : 
effects are easy to 9«IV«nni«U^rit*itt--9$ta ■°nI a tf&9&$aF$4W**W*$&i^ 

f ine, ^**ptr£lcUU*,*Jlta9 n^ l5 Mf9»?f Se»«£§J? c A! f u^Xs'WSHiBfa'^'t 1 ^^!! ^^* 
th«fQSP»iatio)B,wi*h>n«|hf s) |pfee •ffe|t4fi»iS«fcl b WJ t 4»fl8l" iKf^WPfr: 

Op, •,KOfe f th?ughsffi a »iaF#> A* Afo8 l t»F a Af5if«Pi«f*^rt i 6^.% c f»^ 
u»r»yel#d >oU!;*u«$ite! W to>»*-'-?d^ W&J$HU n sr!T 

the applie,tti9^o!i#AjP!ii*t^fc^ ft»»5ff b iff & 

»,« practical context, as well, when th« results of simulation^bjf^n^bjjttfed^^ 
,Toutineiyst« f: s»ppwr*o^»#4n#»## ffW4£#**>a«W* lMifl<4^MMr i fiffP«7 ;^q d £rif ou 
me44a*#.. bepsewb ..SVftoVtnfU&tBh #*M|<^«^if li&#%*S# «£<fl mW$3 % #* at ?lferiq 

poiitfK B*h§vio*#l s£mu^^ - 

ofucwjrs*^ A«d ; yet <■ qfbMi*HBtttM»«l»* aMftf^J^fnrfiHli ej*^ 1 *? 1 ^ JMtfaS^fflfer: 
much more than a service function in behavioral simulations. , , w 3 ; ^u-ia j !* 

^i**h^jr#ftSftftS MfeqleWat;^*--'*** #*l«*^i'««b>jWifa#l^*W^^^ the 

i^al 9 sci^*i#t h«««:ther#i|:#* ha^;kj*wl**#feaf -thft 4^%»¥jjl* l %A nt ^F a *? 
familiarity with the phenomena vital to a successful aiwj^-flA . !! ?; : ?flfr t ^*fiJi£*j % 
the data can make the difference between victory and defeat, depending upon 
whether they are recognized or overlooked. 



•sri:? 
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What is victory? That clearly depends on one's set of values. I am think- 
ing of the values of the behavioral scientist, which are chiefly keyed to deeper 
understanding of the phenomena being studied. Programmers and mathematicians 
have a different set of values. They characteristically relish questions of 

>i .':. ... : .:■.:.,: ; : , -:,r»o.; .1 '-v- ^:-'p j. ■•:•,: > ,^iOi^ iH'-uDU XX" £ i ^sjuojcc? srj -.-toil i .■.■■.'■: "5 

structure, style, and technique, and they celebrate when the simulation first 
runs. Of course, behavioral scientists are not immune from some excitement at 
such moments, too, but ordinarily their work is then just beginning. 

By the way, who else, including the most clever statistician or cryptog- 
rapher, could have resolved the data of Figure 1 into Figures 2 and 3? I 

simply happened to be the only one who knew the data well enough to recognize 

;\,.,L\n . ; 'I , ,. --- > .. c?r? ;-.•■: l-i noj .-.jJi isnos t-'ia sJab a iff' io ■■■K'.f '-' a r;s*vJ-'iri yluixs:.; 
that the circumstances of collection were dichotomous. It is true that I could 
,i; ■• . -.-Mfi:> ux':>:.< «-.;; ?; i; ;- H'&ii.' :^/«;.>;i a.'i as «-:* 3 •».*">!»■;{ gniap:&'saoaq <j'-. ^liud c.: ^ifi 
have imparted this knowledge to a heating consultant, but I may not have been 

anl^M s.'-.,i^Ji« jjAG^i; a!.-.; <*•-.-■ is;* '' ' eqlsrf lasugaoo sdj •. j^oig wslrf.aq air ; i 
thinking on that level if I were not conducting the study, myself. Also a heat- 
-.■j 1:, a.-.? ii ■■>'■>*! 2 ■; y;i,:>-xi- dJiol h<7:„ Ji:>sd ssvom is fiats'* ear arU iir.s ,v siL-pf-'i ic- 
ing consultant could not be expected to be as cost-minded in making experiments 
:- .> tui -j,:-. i *-.■■ Ui ; :->i;ne isi,bi*it bfi& njaldoi^ air! 1j -r;:3Y if:n8 B'-. b.rs, 
as I was, since he would not be as personally identified with the problem. 

A Computer System for Simulation Research 

, r . i.-.This-.i^alJ. well and, goo4 a aad »»ysiafieitefery»-tioce«iFi*tft a few of *&mu?ns 
, jeoplej who- nee^L, conyi#sJLng s that thtr,pre##«4 way, of sipulatint leaves something , 
£o bend|esired, 5? 5uj|f cl whfrft«do we go fffftehttfj?© Where do. wee lookr for imfrovemeui? 
These questions have been^en py^p^n^ ler^aiwamer^of yejitf*"rwltoeeemevto33«i 
me ,J;hft r ,ajRy9ne;who3h^^«t#;d«^iFqitvQiiiirt t»» ,« 9 ia^»e«eoai« ?sj«mulattie«bstiady 
ra^st have had, al^Vfr cqnoarusat.iome poiafe^ , Whet rfi» needed ,1* a:fflemnkl t odMfi60 
|ela^iqi*8£ip ^f twrnm^ the researcher , and hi» ^omp^tear i am ^«mle**onaaiBt ie*»«ao-% .1 o « 
t;er:i«ed by,,ar h^gh de^r,^ of,,ac^aasib4li4^, ^o^*f««Mpl^8ijraM -.Awfc iinfe*ra,etrfj»^ 
a relationship jthj|t ^me^ei ; th§ coo^Hiter a# ^no^re than;^ wtMrk^ojme f or tunmLoR 
simulations; a relationship that brings the computer up into the earlier, more 
creative phases of the research process. 



■:'' ¥* **1 fj'^i' .^Sf*^ 
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This kind of relationship starts to become plausible at places like Project 
MAC, where a large computer system is being utilized simultaneously by many users 
at terminals distributed over wide geographical areas. Transfer of information 
to and from the computer is via conventional telephone lines. Each user is able 



Su-JJiinU 



to be in continual communication with his program and his data without suffering 
the high cost and tension associated with monopolizing an expensive machine.'- ^ 

Multi-access computers are a first, and very important step. The second 
major requirement is the development of an on-line programming system that 
enables the researcher to modify his program as he operates it, and switch 
flexibly between study of his data and construction of his model. This allows 
him to build up programming packages as he needs them and as his comprehension 
of his problem grows. The computer helps to guide him along alternate paths 



of inquiry, and the researcher moves back and forth smoothly between machine- 
aided analysis of his problem and gradual synthesis of a solution. 

My group at Project MAC has been working for the past year to develop an 
on-line system with these features. We call 1 i* t^HoPS^^^ 

implementation i« labeled OW-2^ Befeauae of %f*e geHe*al!*yi and siUm?licity of the 
OPS concept, the system has actually be*n applied to a -wide- variety of activities 
besides simulation research. 00* experience in tN§ simulation Irea up to now has 
been very encouraging > but is^atill only pteMmfttary^ . 

In describing the ^PS system, I shMll repeat a fe^ £ of«tfie-pdints mentioned 
earlier^ not so much for eapha*i*, but s1ln#ly*td mJKe-tn^^dee^tfptidft relatively 
self-contained;. The description will shave to *Mb&&2 A* with* any pfdgrataMirig 
ayatem, *eal understanding ^aWxmly be obtained through vtitfan&^e hope to "lidvd 
a selfi-teaching manual available fo* that purpose i* the ifear futut*. 



?,, - f-» 1 *» |» c 
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OPft-2 ... . '} ■);. ' : -0*; .^J-'S e /q:i.'Vi i ? 3X£l ,if.''M ..-:.d : - ,"U: '^'l 

OM-2 is a new research toot with bfc^aco^a : & b hi*£bitffty. it' t£nks 2a: 
the user with the"cb%fter In < lA<5r*tory *nvtr<Jh^t feh.t m.k.» mutual ^nter- 1 ' 

' m-2 1* aW online ■•Vl&i. "' ft li 1 Wei^p^our newly Acquired ^blIW'' ?<< 
to make large computer! personally accessible to a community o£ meny "simultaneous 
users.' '• ■ ' : ' ' " r ;: ' '' : '"' "^^ ."'--' :iJ -- ; - :i£ 9 " :CJ ?<■■•■'■--'- ■' *-'-■• ^--' r: ^ 

thete 1* a twb-(>*ris ftmtfii v ^B^ct#^ J tn^^ibikfe of the on-ftne system. 

First", the wiapute* m&^^^fbovW^&i^ iM^ttMM^it€^^ti^i t: cTi^ q 
tive prbress during th^Wliin&ib^ 'iff ti« ideaV aW ^Ifbr^ati&V of^ * m^tel. 
Wfconuf i^^f fcbtn^sW^Witi t^ev^Iti e^\ho^f^«y ^ Key n>l e in the 'computers 
process to guide the execution and £ulf±ll^t i &%£» l i££i£nB." *' °" 

■■--••■* dearly, thts ptattL.* i^'-taSt •cfb^dcl^^&^l %W s e^s^ x \nae» exM-fc£V« procewa. 
$ut ir-ddeV hold *of k stfrprtstHgly wide ciaiV "of p«&e«s? iri '"" ' -"' ' ' Z1 ^°" !! " 
' OnrSlluetretW li TtW development bV*. computer station/ in the early 
stages, when the rWSirctoW tTecldtng 1 u^^TEorm 1 ^ content bSl&s moifir, * 
the computer can assist : Woita*a^^l^lnlf s^ls^xel' regresstona^ It also'™ 
can help decide aiimg alternate forttul&ib'n. &Wj/m otHhe'model by " ' 
deducing ttteir IfrUcetioW vlS^vl. ^rW-itro Jat-a*' 1 suitably tranaf ormaF 
when required. '> .■.■:< .c-iq is^ * : * ; - ^-<! *<* ^ nc;, B :.^u b.-\ .n.*> 3 

the computer^ *t tf^ researcher*! nila^^n E e£fectf like his ttenualsf ? 
journals; nbtebdok, end ttiejihbftel 3 tn8. reeaircneFwo^er 1 .' whether ibg/t" ^ * 
(the logarithm o£ time) is-a^re^evealihi^riilile^hin't, an ^newer"'^^^* 
forthcoming from the cbiaputer within mlnutis* ^ ij ^' y -- "- rt M ••'-- * ; ; - VICi bnB 



- . ... *■ ftfHt *> - ■ i~* 
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The simulation model takes shape right from the start of the process. As 
more and more pa^s are added, 5 the ^r|£earf h^r w njns. :; th^m^n^omb^ina^ion, *%.well 
as ^ngly^ and his understanding ^ of ^the ^^^ c »|d^ al^ j£Ows ? Th^re ,is no.,; 
longer a sharp dividing line between the phases o^3§Ho9^& s ta&^ r V^ &&«:>£ 
Programming ? running, and yalidatio^i. . AU ,b^|in Jo^ilher^and -& on :l in ^ e , i - I ^? xtwined 
throughout the process. . 

In the later stages of the simulation, when the dominant activity is making 

J""*' ther e are .^ c h^& H^M r 9* *H .^Hi^y|^»^ r f*^ t -^W' ^° r m^ ion > 

programming^ reprogrammin^^ r aM y n li^i^ rK ^^r< mU ^ m l^aj^s^ tp., M 

from the rest of the creative process. , , 

, :b :.ot 1 " research « ^K'AV? &*f *^ Ve , flS&pi^YSWk ^jfifiW 1 ^ 1 ^ 1 * #IJW even 
choose to include hiinself^Co^ 

to feed ft with semi-reaiistic behavior. 1 £his laj^er^devjxe b^ T been- arac^J.ced 

for, many years, but seldom has ^r f ^Ltte^ i n^ , ^ ^s^i|^|^u^ Uy aa ^t dsea , 3 , 

with multi- terminal, personally accessible computer, ays tern*. 

Data analysis, like programming and, o^theK, |prma^ ^.^p^oblejm.Bo.iv^, caji.he, 

tion. And simulation can be part of a larger process. A man-machine system , 
for scheduling a job shop^ a^ reaiTtime.operal^Qn ^ |pr. s coa|ro|l|ng |1^ Xraff^c of 
a metropolis, an automated securi|y a or com»odity 9 ^^h|n|f , b and a compu^er-: , 
administered credit centeir on the regional- |eyel^ a^e,aJL|L p£o^esse8 f ..wfaf ch J: can, 
and probably should have simulation e|ement? |8 fi ba,sic qgppofents. . t 



JSV ■ .:■•■•■'■-■ ',■■.■,-"■; ■. ■■-■ ; -t:v.'...-v . .. . -■-.,■■.■ ■...■..■■.-- ,'v^.i-'-.,,.,r- .■.,...:.-,... ■; > --. ■..'.. ■ t " l?"lt' " «■-»*■ ■ 
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The OPS system provides a bests for building up such processes. It is 
open-ended end modular in a very fundamental sense. The user can add his own 

..-..':(' ■ .'*-.!■/ .;Qi<a.'' : ' L'.'fiac; btsiir-yii- :.■ _, .3«a oriJ .i jhv.i.( joi:;!i;v ,wi.. ; i 

parts over a period of days or months as he increases his understanding of his 
problem. 

The OPS system is relatively free of rules and formats. The user creates 

■>.: .:.;•■...::■■.' 3- v -;-" ..■■■'-.*r;: b- ; i sj.'v hi- :;.a !: :.u ■■•■:.?& %. ;s t'scifcife^, a " -jo.t : s ..to' . jo I'iinjj.: 

his own language and his own conventions. He has the widest latitude to express 
his problem in its natural terms and to be inventive. Gradually his system tekes 

on an individual character appropriate to the purpose it is to serve. 

. j -'■-' '■■•■- ht> ;, ;■• ./...fl:; ^-s f --.v..q i ;:vKi5:» , ;o:ia-5 0.jBv s fa-tori rioidw aTEor-uiaqw V; is-.l;n . 
As a result, OPS -2 covers a broad spectrum of possible applications, includ- 

. ■ ; vj ". •• ; 'A. :: ..' . OTW.-' -?a -J.;-:-; b v, ; * ; v.- 1 isms-my lzx.<'i sSl , last ..;,.-.> ..^ £ ^ -i U: ..: 

ing all of the processes previously discussed. For hybrid systems that combine 

two or more of these processes, OPS-2 provides a simple, integrated framework. 

. •■ ■■■• ; :?i I. '-:■ : -■■-,; '•-i.l^t' :s-jsvs« Ic \hb to . y. ; ;<vl1-> >c, %<■:.■ i r s >sJlt>3 io 
This fact can have benefits in economy as well aa in reseerch effectiveness. 

It can speed up development effort and avoid duplication. . Simulation elements 

„gb,. -3? i ::•■■ •""■ : "• t -J'- ' sf;: '"' i'lca :.". , xoi 53v hr;o-j*Ma ti *c *'ri-.-T .</;•• R" T«r<1s>f ; J ' ! ; . 
that are constructed to test out the prototype of a real-time system can evolve 

into the actual operating elements of the system. They can also continue to 

.:-t ■=>:.;.. ;r, '.. .; v;!&m .i, vE.:0 .,;>-• '-■« •:•«> .(a) '"' r>- 1 t '' ,: ' 3' * ^- ^n&n^a-r-^ ■> r k;;. a :')..■■ 
serve as simulation elements, to provide the system with e means for monitoring 

and extrapolating its own performance during operation. 

The basic structure of the OPS system is easy to visualize. There is a body 

of data located in common storage, and there is a set of operators which operate 



Xt"- , .■ .' : ." :■ .!»>-- - t. •stli: ,1 ! 



on this data. The data consists of lists, multi-dimensional arrays, and single 
elements. Reference to the data is symbolic, and an index of symbols and 
dimensions is incorporated as part of common storage. 

Reference to the operators is also symbolic. There is a central mechanism 
for executing operators and compounding them in flexible combinations. 



« r£ w 
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The user can create his own symbols and his own mapping of common storage 
by means of standard operators. He can also create his own operators and add 
them without limit to the set of standard operators supplied to him. 

Operators are functional subroutines programmed in any language that the 
computer can compile, such as FORTRAN, MM), or FAP. Each operator can have a 
number of modifiable parameters associated with it, and thereby may be capable 
of a range of functions. 

Consider the vector operator called TYPE, for example. TYPE is one of a 
number of operators which form a vector-processing package that we have been 

- v . J :,■••■ i >■•■■■.::■. ' ><X-:i '-'-f.l's'^ :•:• ■■>:: -\ 'sTfe; 'jfeold & i isvo,' r i - ?7C . *i-**jO' .' =:A 

using a great deal. Its first parameter is a word such as INTO, OUT, or OVER. 
This distinguishes whether the vector or vectors are being entered, displayed, 
or edited, respectively, or any of several other possibilities. 

The second parameter of TYPE is the name of the vector, and the third 
parameter is the name of a second vector, if more than one is being referenced. 
The fourth parameter is the number of an element, if the operator is to begin 
with a specific component of the vector (s) . And so on. Only as many parameters 
as pertain need be specified. 

Other operators in the vector package include one that does polynomial 
fits and multiple linear regressions, one that performs a wide class of vector 
transformations, one that transfers vector data to and from secondary storage, 
and one that plots functions on a cathode-ray tube. Each of these operators 
has three or more parameters associated with it. More powerful operators for 
general array processing are also available as a standard package. 
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c. ■'..■;•-•...•,•■ : ; ; TyPB : ,OyT R A j: . . .. .-, n' '.-,.': ,* 

for example, types out ail of the components of vector 4#.- rfhe user can place this 
operators in a K-OP, with or without executltm. He can execute a K-OP from any 
line to any line, any number of times ,* without Wltheat entry to ih^syatem^eetween 
execution of »ucc«ssiv« operators. H« c«n>heve results of the execution* displayed 
as he goes along, or only at specified •'li«^s^^d> J h» f Jc««^atp'p#iI#'iteB«li»^«ttd- • 
gather. *nd similar options are a»a41aine«i# hM^fofilhe.diifpfay df odeh d gfiide* 
lines of an operator and ehe parameters 6§i-&WQ&$*J '?^o . 4»;.>«; .-&, ■■..wt-^.j ;,...•-.: 

j Which of theae actJton^»is^erfori^fnan*s|Mw«ie(i* performed, is determined 
by the settings of an internal bank of proglf siiisrf SWifcOfcoa, The user can alter 
the-eatting of any of the** switches. Typing *C turns #* goJdeliit«*j NR turns 
off r*suLts; P turns on p a mt s ist era y caoaea operata** to be entered into 8 **- ! 
K-GE^NX suppresses execution} and so on. ;;!.■..., ...ijr^i ^.i .v. -.. i s- -i ■■.,-. 

« x fee uaer can also request a status reading .by typing STATUS. ^Thie* informs i 
him of the switch and line setting* ■ cu*r«ni*yrfia>^|fioe##»*' B« m^^hangeJthe'liwe 
number whenever he chooses . Typing »■■ ■ > s ? 5 .-:> , ; •.> 

.; . • . L 120 -i:,*- •:-.:■ ■!-,;...■.■-.:. ■>.;<. 

for example moves the line designator toli*e 120. 

Switch Kettinga may be conpoundod evetumxre easily than operators. Ml the 
user sieed do is^ type MOBS «an*Ta number, whenever he wi&hes to preserve --tHtf ^fot*p 
of settings in effect at a particular tiiwvs T1«slfea*tai?»*e *hn r^etetaMiah ^thts 
group; «& settinga, at; any point,: sitm>ty *y i^ecif yi%»g ^th»> proper number, preceded 
by an M. ■ /-.<■-, c V: , u; ,.-, , ._..;] :_.,,, .... 

Most of the direct commands to the system are carried out by the system 
itself, without reference to any operator. By enclosing a set of such comnands 
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in parentheses as he types them, the user indicates to the system that they are 
to be deferred , not carried out immediately as is customary. Ai^r 6F aeTerfeT 
commandrms/be' placed on any line oT a k-OP, r JuSt as'tlSu^li it wtri a bona fide 
operate* wit*1,ari^ter.. & Duririg dxtfuiionW^nii ^W^l^ ^ i^liim ^itr tr&t t 
the deferred commands, wnen it reaches them, as though they were being entered 
by the user from the console. Thus, the user has inserted himself into the K-OP 
implicitly. He may choose to do this, for example, when a portion of his role 
in the man-machine process has become sufficiently routine for him to want the 

computer to assume it. . , ^_ k*?. 

Def erred^ command, give .. K ; OP tt. ■bjLiyg^to^ g- }J«- «|d ;> loop ?5 ound i;i 
durin^execut^pn^ and a||o &,ff*^X ^,,gf **?£!&" ^and^i^c^ca^on,,of ^-^ 
^operatqrs.^ejtg^.i^ ^^M^flWn: - 

.tpropert4f*i?fdS»PPut#P: itRstSuc^onf,, 5 |^l»44^it^^n^l«!^J«^<*. irlhWwrfJe* 
K-OP may ,b«sh«mtht ; «ifcja* a progcam whose i < amtstiattfrw earn 
••*• 1 . o perform a*»i trariiy complex famfefttim* 
9..::2^--'mMH^^aaeii'^MlMfe , rms#MHNIti '•<•* '■"«**> *■ *»U «^ 
3 . ^rttVide cbtlditional control if 1 TjUbgiAii^f tt**- 
4i\ InirtfducV 4^^im»ailon'"me4".^Wc^llgim. : 
5." save and restore entire programs 
In particular, one' standard operator can put • K-OP away in secondary storage 
for later reference, or it can bring in a previously saved K-OP to supplement 
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or replace the present one. Like all of the operators, this one can be executed 
either by the user from his console, or during the execution of a K-OP. In the 
latter case, the operator is executed without interrupting the run. 
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Concluding Remarks 

1°. Pointing the future of simulation as ouch rosier than its past, I know 
that I have oyerjii*UifJ.ed,*nd exaggerated a bit. It is hard not to, when, trying 
to make a point. In particular, I have referred only indirectly to some of the 
profound intellectual problems that must be resolved if simulation on a computer 
is to mature into a respected vehicle for scientific research. 

In building a simulation, there are typically a number of different 
approaches that can lead to a working model. An economy, for example, can be 
modeled in terms of relationships among macroeconomic variables, such as income, 
saving, and spending'; or" it can be modeled In 'terms' of the' properties of "micro- "^ 



economic dec^io^-makl^'unltl, sWh^ 1 ^uiM^^^rml, 'till Mistilei; ' H Ml^ i:i:b 

^fe»ti*ti*al • correwpom!e*€*s , ifcitlri alelii^i * Wit dm^-ei^^fiet W tp*e%abiii#efcv -•* ' '• '< 
These different options *** aeichar mutually *l*clMmi&m not tMa^yttelsiMiitftfex^ 1-.--3 

The underlying concept of a siwUtion-jqayt spmaj:im»s : > <ttw>e. <ii th*y of 1 two 
almost inverse forms. Uke a diffusion process, fo* UMQamzt* »|>jb»*h may; have 
stochastic flow in a dete^ois^ medium; m » ii^a^Df^c^l^^jirc^ess, it 
may have deterministic ? J Jow i,n a fandom .^^.^^fl^W WB^Jn? £ a > 
television audience may be phrased as a set of individual viewers, with different 
viewing characteristics, responding to a programmed environment; or it may be 



;^u 



expressed as an interaction of variously described programs competing for their 
share of a potential audience. The form selected will depend partly on the 
purpose to be served, partly on the data available, and not insignificantly on 
the background and orientation of the researcher. 
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A simulation My be built from the outside in, as in tha erection, ,,p£ a,-, 
modem skyscraper, or •leo^t-t ? y-el«psnt ^h^eraxcfcicai ffflfc 1 ??***! 1 ' ,**ito th « 
foraa^n ot i^i#l« aconpipic^ [f90t.Fff4£t4*«lj o*ga|£s#**aae,. So** auch, ^paan*, o* 
factoring tha ■$»Mj.atio^^ ii^rtant^, if^ne* aaeapfial, f©*-; raaa om £ &a«e 
elaborated .andfpr i,B»le^ fcfet modaiin* £hefc t 

I hay* proposed, - .;; : >o •■: ;; jjoti:i .^ .?-::>ii^j «a;ij -;-,, ! <5-/.rj ■■■':.; 

......l!hf^.«raj.a ] fa^,9^.th«:|tl^!r«(^<B4^lH l MHi tt»*o#*#J ^pingo i«*9 sharper 

focus as t$£ conpu^f r ri feegine tp r/ aater thai raaaargfe. »*■«•■■ *»; « ■**•* iifcittat* way . 
They would mske ; excellent topical aster if l.for ajbpokspa mods 1 building, but l 4 
do no£ t^ink wa 3 |haU aaai§idffin^^a £ tra#tajaBt^f jSl»^ Wb^aal for some tiae to 
coma. Wa «r« beginning to n*k* etridea foin*«*4> bwavsr, and the strides are 
certain to *rov stronger m wAaara /fce work eere comparatively and insightfully 
wlfjth pur, , iofonaatio^jft ro a ei s ioft *ldaa, . .pie Qma » wf g is.ino t going to t supplant * 
research activity, #«& It la gjoing to aeka a big,4fc£fceT?«D*« in the for* this 
activity takes. :!'-.-;< ■■>'■ . v-- ".>;■■.; 
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Ac know! edgment s ; 

Anthony Gorry, Malcolm Jones, David Neir, ftayer s ttHitmin, and Stephen 
Whit** have %11 contributed Actively to the development of the OPS-2 system": 

The system ha s been programmed on s Mk.T^ timesharing facilities. {2J The 
ease with which this was accomplished has been an imPres*iv«^emc*strstfon of Cite 
effectiveness of these facilities. Although OPS-2 at present runs ande* timP * 
sharing, its concepts apply to any l^e-memory cdipatet syatei that emphasizes 
perse**! accessibility and man-maehlne interaction" the ^cWe^s become 
especially attractive in the context of fefeur^ ^ informa^idh-uCfltf iei. iA1 

-OPS-2 shares some similar objectives and dapaliilleiei-witft several 6ther 

on-line system., -and we are indebted te their aaihSrs^for' ideas &U ftrSpira- 
t«#>* n-3, 7,10,14] 

* M08C oi th «s« systems h*ve-m«!en *e veiled for gt %ecff ic 

class of use, whether ^ *. engiR^ing^esi^j ^s^w^^pe^^ 

problem solving, or array proeessfeg. OPS-2 i b^ entreat, e**lve* %e ^aratfter 

as it is applied, and it can remold itself during execution. 

The initial version of the OPS system, referred to as OPS-1, was programmed 
during the Spring of 1963 in an experimental project of an M.I.T. seminar. ^ 
Its applications have covered a broad spectrum, including: an automated stock 
exchange, a mechanized system for accounting and budgeting, an array processor, 
a program supervisor, a project scheduler, an on-line simulation (system, and a 
live FORTRAN programming facility. 

OPS-2 is a completely reworked and improved version of the original system. 
The automated stock exchange, the array processor, and the accounting system are 
all operational under OPS-2. 
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